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Abstract 
 
The findings of hydrological modelling studies depend on which model was used. Although 
hydrological model selection is a crucial step, experience suggests that hydrologists tend to 
stick to the model they have experience with, and rarely switch to competing models, 
although these models might be more adequate given the study objectives. To gain 
quantitative insights into model selection, we explored the use of seven rainfall-runoff 
models (HBV, Topmodel, VIC, mHM, GR4J, PRMS, Sacramento) based on the abstract of 
1529 peer-reviewed papers published between 1991 and 2018. We provide quantitative 
evidence of regional preferences in model use across the world and demonstrate that specific 
models are consistently preferred by certain institutes. Model attachment is particularly 
strong. In ~70% of the studies, the model selected can be predicted solely based on the 
affiliation of the first author. The influence of adequacy on the model selection process is less 
clear. Our data reveal that each model is used across a wide range of purposes, landscapes, 
temporal and spatial scales (i.e., as a “model of everything and everywhere”). Model 
intercomparisons can provide guidance for model selection and improve model adequacy, but 
they are still rare (because each model must usually be setup individually) and the insights 
they provide are currently limited (because they are rarely controlled experiments). We 
suggest that moving from fixed-structure models to modular modelling frameworks (master 
templates for model generation) can overcome these issues, enable a more collaborative and 
responsive model development environment, and result in improved model adequacy.   
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1. Introduction 
  
Every hydrological modelling study involves the selection of a hydrological model. Selection 
of a particular model implies choosing the perceptual and conceptual model (e.g., Jakeman et 
al., 2006, Beven 2012). This step is crucial, because the outcomes of the study depend on the 
model selected (e.g., Holländer et al., 2009; Fenicia et al., 2014; Mendoza et al., 2016; 
Hauser et al., 2017; Melsen et al., 2018a). Therefore, ideally, the selection of this model 
should be based on its adequacy for the research question (such as the landscape of the 
region, the temporal and spatial scale, and the purpose of the study, for instance flood 
modelling or water resources management). However, experience suggests that hydrological 
models are usually not primarily selected because of their adequacy, but because of legacy 
reasons, where legacy involves practicality, convenience, experience and habit. 
  
To gain quantitative insights into the model selection process, we performed a bibliometric 
study: we used text-mining tools to analyse the content of published peer-reviewed articles. 
Other hydrological studies have employed bibliometric methods, for instance to stress the 
relative decline of papers on field hydrology (Burt and McDonnell, 2015), to assess the 
impact of publications in leading hydrological journals (Clark and Hanson, 2017) and to 
explore how uncertainty is communicated in hydrological publications (Guillaume et al., 
2017). To our knowledge, this is the first bibliometric study exploring the use of hydrological 
models across the world. 
 
We used text-mining to search the abstracts of 1529 hydrological modelling studies published 
between 1991 and 2018. These abstracts were selected because they mention one of the seven 
hydrological models this study focuses on. We extracted the affiliation of the first author and, 
when available, the country of application of the model and keywords describing the context 
of the study. This enabled us to link model selection to the purpose of the study and to the 
affiliation of the first author. The fact that regional preferences in model use exist is well 
acknowledged among hydrologists. Here, we explore how these regional preferences were 
established and explore what this reveals about the use and development of hydrological 
models. 
 
Regional preferences in model use can be approached from a ‘geography of science’ 
perspective (Livingstone, 2003). Although scientific endeavors are generally perceived as 
“universal”, there are ample examples from the field of Science and Technology Studies that 
demonstrate that the way science is conducted is place-bound, related for instance to routine 
practices in laboratories (e.g. Latour and Woolgar, 1986), cultural values (see e.g. Melsen et 
al, 2018b for a discussion of the social construction of technology applied to hydrological 
modelling), and how institutions are organised - Miller and Edwards (2001), for example, 
describe how different institutionalizations of climate research in the US and the UK 
eventually lead to different research approaches, and Mahony and Hulme (2018) discuss the 
locality of science in the perspective of climate models and the implications for decision 
making. Acknowledging that the way science is conducted is place-bound, two main 
hypotheses can be developed to explain regional preferences in model use, either based on 
the landscape (the adequacy hypothesis) or the institute (the legacy hypothesis).  
 
Naylor (2005) argues that “we could fruitfully consider the ways landscapes, regions and 
places inform - consciously or not - scientific theories and practices”. This can be applied to 
hydrological modelling. To take a simple example, the dedication of particular attention to 
the development of the snow routine in a model developed in Scandinavia indicates that the 
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local landscape inspires the model builder. One of two hypotheses that this study focuses on 
is that the landscape also inspires model selection (adequacy). Law and Mol (2001) discuss 
that scientific knowledge has locality, but that transport of knowledge exists. Models are 
often applied in the place where they were developed, but there is transport of model use to 
other places. Shapin (1998) and Law and Mol (2001) state that the transport of knowledge 
requires trust in the source. In the case of models, this means that the institute that developed 
the model, but also the model itself, should be trustworthy in order for the model to be 
adopted by other institutes (Shapin, 1994, and Hardwig, 1991). The second hypothesis tested 
by this study is that the institute determines model selection (legacy).   
 
In summary, to gain a better understanding of regional preferences in model use (i.e., to 
better understand the drivers of model selection), we used these bibliometric data to address 
two main questions: 
  
1. What are the regional differences in hydrological model use across the world? 
2. Is model selection more driven by legacy (hydrologists use the model they have most 
experience with) or by adequacy (hydrologists use the model most adequate for their 
specific research question)? 
  
The bibliometric search we designed to address these two questions is presented in Section 2. 
Differences in model use across the world are discussed in Section 3.1, while the importance 
of legacy and adequacy in model selection is explored in Section 3.2 and 3.3, respectively. 
These findings are then utilised to reflect on tendencies in the development and use of 
hydrologic models over the last decades (Section 4.1), to discuss possible shortcomings of 
this development (Section 4.2), and to propose an alternative strategy for model use and 
development (Section 4.3). Conclusions are provided in Section 5. 
  
2. Data and methods: Text-mining of peer-reviewed papers to explore model use across 
the world  
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d the package Bibliometrix (Aria and Cuccurullo, 2017). Subsequently, the 
titles and abstracts were searched for keywords describing where the study was conducted, 
the spatial (e.g., ‘global’) and temporal (e.g., ‘forecast’) scale of the study, specific catchment 
descriptors (e.g., ‘alpine’) and the goal of the study (e.g., ‘drought’). This process is 
described in more details in Text S4.  
  
3 Results 
 
3.1. Regional differences in model use based on the text mining of 1500+ abstracts. 
  
To provide context for this bibliometric study, let us underline that the number of 
publications per year steadily increased over the research period (Figure S3). It increased by 
almost a factor 20 between the first five years and the last five years of our study period 
(1990-1994 and 2013-2017, respectively). This increase in publications is part of a more 
general trend in academia and in hydrologic science (Burt and McDonnell, 2015). Out of the 
1529 abstracts, the models most frequently used are VIC, HBV and TOPMODEL (each 
accounting for 33%, 23% and 22% of the abstracts, respectively). Publications involving VIC 
and HBV show a steady increase over time, while the use of Topmodel has, in absolute 
terms, remained constant but in relative terms has decreased over time (Figure S3). 
  
The data we collected illustrate that clear regional preferences exist in the use of hydrologic 
models across the world, both in terms of numbers of studies published and regions over 
which models are deployed. Regions such as North America, Europe, China and Australia 
host the institutes publishing the large majority of the papers and they are also the regions 
over which models are most frequently deployed (Figure 1). In contrast, regions such as 
Africa, the middle East, Central and South America are underrepresented, both in terms of 
publishing institutes and application of models. Similar geographical biases also prevail in 
hydrological field studies (Burt and McDonnell, 2015). Further, the large majority of the 
studies were applied in a region in the affiliation country of the first author, as indicated by 
the fact that the thickest lines in Figure 1 are circular arrows. 
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In addition to showing where hydrological modelling studies are conducted, Figure 1 
provides quantitative evidence that there are regional preferences in the use of specific 
models. For instance, VIC and SAC are predominantly used in the USA, while HBV 
dominates in Scandinavia and in other parts of Europe. These regional model preferences can 
be well related to the history of model development. VIC and SAC, whose development 
started and is led by institutes in the USA, account for the large majority of the studies 
applied in the USA. In contrast, HBV, Topmodel and GR4J, which originate in Europe, are 
mostly used by institutes in Europe, HBV being particularly popular in Scandinavia and 
GRJ4 in France. These results are in line with those of Singh and Woolhiser (2002), who 
underlined the popularity of HBV in Scandinavia and the wide application of Topmodel 
throughout Europe. 
  
3.2 Exploring model legacy by quantifying hydrologists’ attachment to their model 
  
To explore the influence of legacy on model selection, we defined “model attachment” as the 
fraction of papers published by each institute using each model. We attributed each paper to 
the institute of its first author. Aggregating our results by institute provides enough papers to 
draw reliable conclusions (aggregating the papers by researcher would have led to too small 
subsamples), while still preserving some geographic details that would be lost by an 
aggregation at the country scale (Figure S4). For each institute, we determined which model 
is used most frequently and refer to this model as the institute “favourite model”. In a 
hypothetical situation, in which there would be no favourite model, the seven models this 
study focuses on would be used in around 1/7 (~14%) of the publications of any institute. In 
practice, however, each institute has a favourite model, which is used more frequently than 
the others. Note that given the nature of our bibliometric data set, favourite model means 
favourite model among the seven models this study focuses on. 
  
Figure 2a shows how frequently the seven models are used in the publications of ten selected 
institutes. Three of these institutes used a single model for all the publications we retrieved: 
MHM for UFZ Leipzig (Germany), Topmodel for Lancaster University (UK),  and SAC for 
NOAA/NWS/NCEP (US). This means that the attachment of these  institutes for their 
respective favourite model is 100%. For seven other institutes, more than one model has been 
employed and a favourite model can be identified. The attachment of these institutes for their 
model can be high: for instance 94% for SMHI (HBV), 92% for University of Washington 
(VIC), and 73% for IRSTEA (GR4J). Statistics over 50 institutes that published at least 5 
papers confirm that there is typically a model used more frequently than the other models. 
The institutes use their favourite model far more than in 14% of their publications that would 
be expected if there was no favourite model (Figure 2b). We found that the institutes use their 
favourite model on average for 74% of the publications (Figure 2c). In other words, it is 
possible to determine for 74% of these studies which model was used solely based on the 
affiliation of the first author (when including all the institutes, this number increases to 79%, 
see Figure S5). Figure 2d shows that the institutes attachment for their favourite model 
remains high over the years. Although there is a slight decline over the last five years, our 
data show that a model that has been extensively used in the past keeps being used for many 
years. Note however that the data we collected only enable us to characterise switches among 
the seven models we selected, but not switches to other models. Figure 2d nevertheless 
reflects the inertia of modelling practices and the influence of legacy when selecting a 
hydrological model. 
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3.3. Exploring model adequacy using keywords describing the purpose of each study 
  
Adequacy implies that the hydrological model is selected because it is particularly well suited 
for the purpose of the study. We related adequacy to the main variable of interest (e.g., flood 
modelling or water resources management), the landscape, and the temporal and spatial scale 
of the application (see keywords in Table S4). We analysed the occurrence of these keywords 
and explored whether some models are used more frequently for some specific purposes 
(possibly meaning that they are particularly well adapted to those purposes) or if, in contrast, 
models are used to address a wide range of challenges, without much discrimination based on 
the purpose of the study. 
  
We presented the results using mosaic plots (Figure 3) and we asked two questions: i) is a 
specific model used significantly more often for one type of purpose (e.g., used more for 
flood than for drought modelling or more for regional than for global modelling) and ii) for 
one type of purpose (such as the exploration of hydrological processes at the regional scale), 
is one model used significantly more often than the others? To answer the first question, we 
analysed the mosaic plots one column at a time, and for the for the second question, we 
analysed the mosaic plot one row at a time. We did not consider combinations of keywords, 
since only few studies provided keywords for all the categories we considered (note that the 
number of studies in which one of the categories is described varies, see headers in Figure 3). 
  
Often, the keywords describing the study were used with a comparable frequency for the 
seven models we selected. A clear example is that the models are equally likely to be used in 
studies whose abstract mentions the regional scale (top row of Figure 3d). Some differences 
between models canbe noted when focussing on the variable of interest (Figure 3a): 
SACRAMENTO is used more often for flood than for drought modelling, and the reverse is 
true for mHM (note that the scaling used to account for the different number of papers per 
model artificially boosts mHM importance in this Figure). But overall the models 
investigated are used to simulate most (when not all) the variables of interest we selected,  
meaning that the variable of interest isnot a strict discriminator for model selection. The 
landscape descriptors reveal some patterns, although these patterns do not have much 
predictive power when it comes to model selection (Figure 3b). For instance, five out of 
seven models have been applied both in tropical and alpine regions, which implies that 
landscape descriptors alone cannot explain model selection. Differences between models are 
even weaker when considering keywords describing the temporal and spatial scale. All 
models are used across temporal scales, from forecasts to climate projections, except mHM 
for which less papers are available than for the other models (Figure 3c). Similarly, models 
are widely applied across spatial scales, there are examples of studies at the catchment, 
regional, continental and global scale for almost each model, and it is hard to argue that a 
specific model is preferred at a specific spatial scale (Figure 3d). This result partially stems 
from the relatively homogenous subsample of rainfall-runoff models we considered here, 
clearer differences might have appeared if, for instance, more spatially distributed models had 
been included.  
  
Overall, our text-mining analysis based on about 1500 abstracts provides little evidence that 
models are selected because of their adequacy for the research question and we could not 
show that a specific model is particularly popular for a specific purpose. The hypothesis that 
model selection is driven by legacy is better supported by our results than the hypothesis that 
model selection is driven by adequacy. We do not claim that the models investigated here are 
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inadequately used. We observe that they tend to be applied across the whole range of 
landscapes, scales, and variables of interest that we investigated. 
 
4. Discussion 
 
Our bibliometric study showed that hydrologists typically keep using the model they are 
already using. In this discussion part of the paper, we start by formulating hypotheses on why 
this approach works (Section 4.1), we continue by asking whether this mode of operation 
leads to missed opportunities (Section 4.2), and finish by reflecting on a strategy to move 
forward (Section 4.3). 
 
4.1 Why is model selection based on legacy a system that works and continues to work? 
 
The dominant tendency of selecting models because of legacy reasons is, in many respects, a 
system that works. A proof is that, in the papers we retrieved for this study, model selection 
was strongly influenced by legacy, but this did not prevent these papers from being published 
in peer-reviewed journals. In fact, their number per year is increasing (Figure S3) and there is 
little sign that this tendency is changing (Figure 2d). We propose the following reasons to 
explain why this system works. 
 
Over years of use of a model, hydrologists gain a deep knowledge and understanding of this 
model. They can in particular quickly set it up in a new environment, identify the origin of 
suspicious results, as well as adapt and improve its code. Part of this expertise is gained by 
the modellers as students. HBV is for instance extensively used for teaching in Europe 
(Seibert and Vis, 2012) and institutes like the University of Washington and Princeton in the 
USA have trained students over the last decades with VIC and sometimes involved them in 
model development. Some of these students moved to China, where they kept using VIC, 
which contributed to its popularity there. Experience is an important asset in science. 
Training is needed to work with certain laboratory equipment (e.g. Latour and Woolgar, 
1986), and the same is true when working with computer models. Laboratory work involves 
tinkering (Knorr Cetina, 1981) and bricolage (Latour and Woolgar, 1986), and so does 
hydrological modelling. Thinkering for example involves recalibrating a model with new 
parameter intervals because the simulations are not satisfactory in the eye of the expert. The 
large role of legacy in model selection can thus be justified by the scientific need to have 
experience with the experimental set-up. Further, sustained model use leads to the 
development of a model “ecosystem”, consisting of tools and data sets, such as a user-
friendly interface, built-in parameter estimation tools, support in producing model files, or 
publicly available forcing and parameter files. This leads to a productive modelling 
environment, made by a combination of adequacy (modellers become proficient with their 
model) and legacy (using their model is efficient).  
 
Another reason that makes modellers stick to the model they are already using, is that they 
perceive it as adequate. This bibliometric study does not enable us to determine how adequate 
the models are considered by their users, but Fleming (2009) provides interesting insights. He 
conducted a survey among 45 users of hydrologic models (from academia and the industry), 
to investigate which models they used, and why (his study is complementary to this study, 
since it involved practitioners who may not publish often or at all and therefore would not 
appear in our bibliometric study). The most frequent reason given to explain model selection 
(28% of the respondents) is that the model “captures all physical hydrologic processes to 
[the] extent necessary for [their] project”. In other words, adequacy is a key criterion for 
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model users and they consider that the model they select is adequate. Fleming (2009) did not 
ask model users how they came to the conclusion that the model “captures all physical 
hydrologic processes”. It is possible that it is based on their expert opinion (Krueger et al., 
2012). Note that Fleming (2009) reported that 21% of the respondents indicated that they 
select a specific model because it is “in standard use in [their] organization”, which highlights 
the important role of legacy in model selection, and is consistent with our results 
 
Furthermore, besides the advantage of experience with a model discussed above, there are 
other clear advantages for using generally accepted models within the scientific field. 
Importantly, these advantages have a clear sociological component. The current functioning 
of the scientific community stimulates the use of well-established methods in several ways. 
Both Horrobin (1990) and Calver (2015) discuss how the current review process and focus on 
paper citations might hamper the uptake of innovative methods, e.g. because reviewers might 
not be familiar with the new approach or because of the risks involved with trying new 
approaches. Martin (2000) discusses problems in current grant systems, and describes the 
conventional approach bias: “grants are much more likely to support tried-and-true 
approaches, while challenging, innovative or unorthodox proposals are seldom funded”. An 
example of the weight of legacy in hydrology is the use of the Nash-Sutcliffe Efficiency 
(NSE, Nash and Sutcliffe, 1970) to evaluate models. With the advent of automated 
calibration techniques, models can provide high NSE values in most catchments. Yet, studies 
relying on more process-oriented metrics (e.g., DeBoer-Euser et al., 2017), stricter evaluation 
procedures (e.g., Coron et al., 2012; Refsgaard et al., 2013) and multiple data sets (e.g., 
Rakovec et al, 2016) have demonstrated that the resulting simulations often involve 
unrealistic features and lack robustness. Despite these caveats, the NSE is still broadly 
applied, as it allows for comparison to all the other studies using NSE. From a more 
conceptual perspective, holding on to conventional methods fits within a period of ‘normal 
science’ (Kuhn, 1962). The training of young researchers in the conventional views and 
frameworks is inherent to normal science, thereby maintaining current practice. This does not 
imply that no scientific progress is made, but merely that scientific research is highly 
structured within the current paradigm. Conventional methods are thus valuable, and 
stimulated in current scientific practice. This might, however, hamper innovation. 
 
4.2. Are hydrologists missing opportunities because of the prevalence of legacy in model 
selection?  
 
There are clear motivations to keep using the same model, as discussed in the previous 
section. The question, however, is whether hydrologists are missing opportunities because of 
this mode of operation. The perceived adequacy of their model, which perpetuates its use, is 
not necessarily well-grounded (Best et al., 2015; Seibert et al., 2018). And even if the model 
selected based on legacy is adequate, more adequate models might be available. It is, 
however, generally unclear how significant the gain in adequacy will be when switching to 
another model, and whether this gain justifies the effort of switching models (Cunderlik et al., 
2013). Furthermore, limited guidance exists on how to select a model for a given purpose or 
landscape (e.g., McDonnell and Woods, 2004; Boorman et al., 2007). There is evidence that 
parameter tuning alone is often not sufficient and that model structure should be adapted to 
the environment (e.g., Savenije, 2010; Kavetski and Fenicia, 2011; Hartmann et al, 2014; 
Fenicia et al, 2014; Gharari et al, 2014). Yet, although studies based on small samples of 
catchments have demonstrated that specific modelling changes improve model realism, there 
is a lack of general guidance on the selection of hydrological models.  
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Such guidance can be provided by model intercomparisons (e.g., Loague and Freeze, 1985; 
Refsgaard and Knudsen, 1996; Slater et al, 2001; Reed et al., 2004; Smith et al., 2012; 
Krysanova et al., 2017; Schellekens et al., 2017; Kollet et al., 2017; Krinner et al, 2018), yet 
with fixed-structure models, setting up and running a large ensemble of hydrological models 
is difficult and costly (each model must be setup individually, so a large number of research 
groups is required to run a large ensemble of models). This makes consciously comparing 
competing models and selecting the most adequate one(s) challenging. Furthermore, insights 
gained from model intercomparisons are limited, because it is usually impossible to pinpoint 
which differences between the models explain differences between the simulations (Clark et 
al., 2011). In other words, models biases can rarely be traced back to specific modelling 
decisions, so although model intercomparisons tell us which model(s) perform best, they 
rarely tell us why. 
  
Furthermore, when hydrologists focus on their own model, they arguably miss opportunities 
to improve models in a way that benefits the community. In many respects, the current 
development of hydrological models is siloed (code produced for one model is rarely usable 
in other models, so improvements made to one model rarely benefit other models) and 
fragmented (there is little international coordination of development efforts). This type of 
model development leads to duplicated implementations (think of the number models relying 
on a similar degree-day snow parameterisation), which absorbs a significant portion of the 
economic resources dedicated to model development, without necessarily advancing the 
understanding and simulation of hydrological processes. Finally, this fragmentation makes it 
difficult to gain an overview of what has been developed, i.e., which parts of the model space 
have been sampled. 
 
4.3. Outlook: moving from flexible models to modular modelling frameworks? 
 
The development and use of hydrological models over the last decades has led to a wide 
range of models and to a competent user base. The current paradigm is that institutes focus on 
the development of individual hydrological models and hydrologists tend to have a favourite 
model which they use to address a wide range of research questions and applied challenges. 
While this system works and continues to work, it may restrain the efficiency and insights 
provided by hydrological modelling. An alternative paradigm, which would enable the 
community to overcome the limitations outlined above, would be to rely more importantly on 
modular modelling frameworks (MMFs). MMFs are master templates for model generation, 
which enable users to build models in a pick-and-mix approach, to compare competing 
hypotheses, and to contribute with code contained in modules that would be easily usable by 
others in the same framework. Over the last two decades, several MMFs have been 
developed, spanning a wide range of complexities and offering different levels of user 
friendliness (e.g., Leavesley et al, 1996; Clark et al., 2008; Savenije, 2010; Fenicia et al., 
2011; Niu et al., 2011; Clark et al, 2015). In this study, we consider that a modelling 
framework is modular if i) for the majority of its main structural elements, several options are 
available and can be used interchangeably and ii) the architecture of the framework was 
designed to allow for this modularity and enables the addition of new modules. Although 
most standard hydrological models offer some degree of structural flexibility (e.g., VIC can 
be run in energy-balance or water-balance mode and HBV can account or not for the slope 
aspect), we do not consider them as MMFs based on the two criteria introduced above.  
 
MMF present essential advantages when compared to fixed models, as discussed in particular 
by the studies referenced in the previous paragraph. Here, we highlight some of these 
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advantages in the framework of our legacy-adequacy assessment. Firstly, MMFs make it 
comparatively easy to switch between model structures. Hence, they enable hydrologists to 
run an ensemble of model structures (i.e., to conduct their own model intercomparison 
experiment), select the model structures most adapted to the purpose of their study and, 
eventually, provide guidance on model selection which benefits the community (e.g., 
Staudinger et al, 2011; McMillan et al, 2011; Clark et al., 2011; Coxon et al, 2013). This 
reduces the role of legacy in the model selection process and increases adequacy. Secondly, 
MMFs enable the construction of controlled experiments explaining (instead of only 
describing) differences between models, effectively enabling researchers to trace model 
uncertainties and biases back to modelling decisions (e.g., Kavetski and Fenicia, 2011). This 
means that model adequacy is supported by a better understanding of model behaviour. 
Thirdly, the modularity of MMFs facilitates the incorporation of new insights and knowledge 
in models, improving the responsiveness of the modelling community to theoretical 
breakthroughs and thereby increasing the realism of hydrological models (Archfield et al, 
2015; Clark et al., 2016). 
 
A fourth argument in favour of the use of MMFs is that they stimulate pluriformity in 
modelling approaches. When advocating for a pluriform approach in ecological modelling, 
Jørgensen and Müller (2000) use Gödel’s theorem: “the infinite truth can never be condensed 
in a finite theory”. Because of the inability of isolated models to fully capture the complexity 
of real-word systems, a plurality of legitimate perspectives are necessary to reflect this 
complexity. One way to embrace pluriformity is via the method of multiple working 
hypotheses (Chamberlin, 1890; Clark et al., 2011), which is central to MMFs and enables 
competing theories to co-exist and to be compared. Importantly, MMFs allow for additional 
working hypotheses to be progressively added (as modules), leading to a more coordinated 
and systematic sampling of the model space than if fixed-structure models were used. This 
can help with the realisation that the model choice for a specific part of the system is to a 
large extent a human enterprise (e.g. Zellmer, 2006 and Peck, 2008). 
 
MMFs have been available for some time, and one may wonder how to accelerate their 
development and adoption by the community. Because of the decisive role of legacy (in 
particular, the attachment of modellers to their model), it is unlikely that the entire (or even 
the majority of the) community will gather behind one model or modelling framework. In 
fact, there is indecision on the need for a community hydrological model (Weiler and Beven, 
2015). An alternative strategy to a community-wide approach is to rely on grassroots 
initiatives. Grassroot initiatives stimulating the uses of MMFs by making them more user-
friendly, providing training opportunities with MMFs, producing guidance for model 
selection that can be used by the community, and encouraging modellers to contribute with 
modules, have the potential to shift the current modelling paradigm from fixed-structure 
models to MMFs. Modules (also referred to as libraries or packages) have been successfully 
used for decades by the main programming languages (e.g., Fortran, Python). We believe that 
a similar approach would benefit the hydrological community, and that there would be 
significant gains to move from model to module development. 
 
5. Conclusions 
 
The goal of this study was to investigate regional preferences in hydrologic model use across 
the world, and to explain these regional preferences by exploring the role of legacy and 
adequacy in model selection. To this end, we conducted a bibliometric analysis on 1500+ 
peer-reviewed papers in which one of the seven hydrologic models we focus on (HBV, 
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Topmodel, VIC, mHM, GR4J, PRMS, Sacramento) was applied. The bibliometric analysis 
revealed clear regional preferences in model use. In 74% of the cases, the applied model 
could be predicted solely based on the institute of the first author, underlining the role of 
legacy in model selection. Our analysis of keywords describing the context of the study did 
not provide clear evidence of the importance of adequacy in model selection. Our results 
therefore provide stronger support for the hypothesis that legacy, rather than adequacy, drives 
model selection,. This study also highlights how sociological phenomena shape hydrological 
modelling practices  and contribute to explain the strong role of legacy. This invites for 
further exploration of the social practice of science, which, so far, has hardly been explored 
within Earth sciences (Wainwright, 2012).  
 
The importance of legacy in the model selection process does not mean that adequacy is not 
considered by modelers. When asked how they selected their model, modellers indicate that 
its suitability for the purpose of their study is crucial (Fleming, 2009). Model adequacy is 
enhanced by the expertise and tools modelers develop over the years, which are part of model 
legacy. This illustrates that untangling the role of adequacy and legacy in model selection is 
challenging. Our analysis shows that the models considered are used across the whole range 
of purposes and scales we explored, indicating the high level of trust modellers place in the 
abilities of their model. We suggest that the tendency to select models based on legacy leads 
to missed opportunities, in particular because simulations realism can improve when using 
one of the multitude of models developed by the community, instead of the modeler’s usual 
model. Yet, limited guidance currently exists to support model selection, and it is usually 
unclear how significant the benefits of switching to another model would be. A key reason 
for this is that comparing a wide range of competing models for a specific purpose is costly 
with current hydrological models. 
 
We propose that one way to increase the influence of adequacy in the model selection process 
is to use modular modelling frameworks (MMFs) more broadly. Several MMFs already exist 
and have clear advantages when compared to (fixed-structure) traditional models. MMFs 
facilitate the comparison of a wide range of models (i.e., hydrologists can conduct their own 
model intercomparison experiments and select the most adequate model structure), they 
enable controlled modelling experiments (i.e., in which model biases and uncertainties can be 
traced back to specific modelling decisions), and finally, MMFs open the door to a more 
collaborative and better coordinated model development environment, in which modules can 
be used across models and the model space is sampled in a more systematic way. Arguably, 
switching from traditional fixed-structure models to MMFs represents a paradigm shift in 
model use and development. Given the inertia of modelling habits, this shift will take time 
and is most likely to succeed if conducted by grassroots initiatives. We think that the time is 
right for this shift to happen, and that it will accelerate progress on the understanding and 
modelling of hydrological processes. 
 
Acknowledgements 
  
This research was supported by the Swiss National Science Foundation (grant 
P2ZHP2_161963). We thank the Editor and the four anonymous Reviewers for their 
constructive comments, Andy Wood, Jan Seibert and Bart Nijssen for discussing with us their 
experience and views on the selection of hydrological models, and Lucie Babel for her 
insights into the sociological aspects of model development. We also acknowledge the 
feedback of the participants of the second workshop on “Improving the theoretical 
underpinnings of hydrologic models” organised in Sopron, Hungary, 15-18 April 2018. The 
  
© 2018 American Geophysical Union. All rights reserved. 
bibliometric data are available online: 
http://www.hydroshare.org/resource/a74d78bd440444f2a54b2994771354d9 
  
References 
̈
̈
  
© 2018 American Geophysical Union. All rights reserved. 
  
© 2018 American Geophysical Union. All rights reserved. 
  
© 2018 American Geophysical Union. All rights reserved. 
  
© 2018 American Geophysical Union. All rights reserved. 
  
© 2018 American Geophysical Union. All rights reserved. 
  
© 2018 American Geophysical Union. All rights reserved. 
Refsgaard, J. C. and Knudsen, J.: Operational validation and intercomparison of different 
types of hydrological models, Water Resour. Res., 32(7), 2189–2202, 
doi:10.1029/96WR00896, 1996. 
  
© 2018 American Geophysical Union. All rights reserved. 
̈ ̈ IAHS Publication 
 
  
© 2018 American Geophysical Union. All rights reserved. 
  
  
© 2018 American Geophysical Union. All rights reserved. 
Figures 
 
 
 
 
  
Figure 1: Maps illustrating where models are predominantly used (see legend). Circular 
arrows indicate that the affiliation country of the first author is the same as the country 
the model is applied in. The nature of these maps means that papers for which the 
country of application could not be determined were excluded. The number of papers is 
indicated for each model. For space reasons, we do not show the mHM map. 
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Figure 2: a) Relative frequency of the seven models in publications from 10 selected 
institutes, the number of papers per institute is indicated in white. b) Histogram of 
institutes attachment to their favourite model. c) Percentage of studies relying on the 
favourite model, i.e., how frequently could the model used be correctly predicted using 
solely the institute of the first author? d) Variation of model attachment from 1988 to 
2017, the institutes are pooled by favourite model, the number of papers and institutes 
involved in each line are indicated (#P and #I, respectively). Figures 2b to d are based 
on all the papers from institutes with at least 5 papers (810 papers, 70 institutes). 
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Figure 3: Mosaic plots showing how frequently pre-defined keywords describing the 
variable of interest, the landscape, the temporal and spatial scale were employed in the 
titles,  abstracts and keywords. The width of each box indicates how frequently the 
associated keyword is used for each model (the frequency was scaled by the number of 
papers for each model, i.e., the plots show the relative frequency if all the models were 
used in an equal number of papers). The titles indicate the number of papers used for 
each mosaic. 
